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Abstract 
The occurrence and levels of airborne polycyclic aromatic hydrocarbons and 
volatile organic compounds in selected non-industrial environments in 
Brisbane have been investigated as part of an integrated indoor air quality 
assessment program. The most abundant and most frequently encountered 
compounds include, nonanal, decanal, texanol, phenol, 2-ethyl-1-hexanol, 
ethanal, naphthalene, 2,6-tert-butyl-4-methyl-phenol (BHT), salicylaldehyde, 
toluene, hexanal, benzaldehyde, styrene, ethyl benzene, o-, m- and p-
xylenes, benzene, n-butanol, 1,2-propandiol, and n-butylacetate.  Many of 
the 64 compounds usually included in the European Collaborative Action 
method of TVOC analysis were below detection limits in the samples 
analysed. In order to extract maximum amount of information from the data 
collected, multivariate data projection methods have been employed. The 
implications of the information extracted on source identification and 
exposure control are discussed. 
 
Keywords: PAH, VOC, carbonyl compounds, multivariate analysis, indoor 
air. 
 
1. Introduction 
 
Typically, people spend about 80 % of their day in 
indoor environments. Therefore, indoor air quality 
(IAQ) has attracted considerable interest during the 
last three decades. As a result of this, substantial 
progress has been achieved in the development 
and application of analytical equipment and 
procedures for sampling, identification and 
quantification of indoor pollutants (Morawska and 
Salthammer 2003, Pluschke 2004, Salthammer 
1999). However, the impact of indoor pollutants on 
the health of residents is not fully understood and 
the assessment of indoor air quality based on a 
variety of analytical parameters is still  an ongoing 
task. 
The indoor environment is characterized by a 
high surface (walls, furniture) to room volume ratio. 
Consequently, even materials with small area 
specific emission rates of Volatile Organic 
Compounds (VOC) may contribute adversely to  
indoor air quality. 
Therefore, it is appropriate to collect indoor 
quality data under controlled conditions and 
analyse it (often with the use of statistical tools) on 
the basis of source/environment factors that may 
be of importance for the monitored environment. It 
is also important to identify general IAQ-related 
factors such as outdoor air/traffic impact, 
renovation/ refurbishing influences etc that may 
affect indoor environments in a more global way. 
In this study, VOC as well as semi-volatile 
organic compounds (SVOC), such as the polycyclic 
aromatic hydrocarbons (PAH), were measured in a 
number of non-industrial environments.  
These two groups of compounds represent 
different types of sources – PAH are mostly related 
to outdoor/combustion sources; VOC commonly 
originate from building material and fittings.   
VOCs are a complex group of indoor air 
pollutants, which are released by materials (paints, 
floor coverings, furniture, household products) or 
during activities such as cooking or smoking 
(Salthammer 1999, Pluschke  2004). Typically, 20 – 
100 different compounds can be identified in indoor 
air samples; depending on certain climatic factors 
(temperature, air exchange rate and room loading) 
the number can easily be much higher. The total 
concentrations are usually above 200 µg/m³, but in 
areas with cool climate and low air exchange rates, 
1000 – 3000 µg/m³ can be expected (Seifert 1990). 
Since many VOCs found in indoor air can have an 
impact on the well-being of the residents, the 
determination of VOC is nowadays considered to 
be a substantial part of indoor air quality 
measurements. 
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On the other hand, airborne PAHs have attracted 
much attention not only because of their mutagenic 
and carcinogenic activities, but also because they 
are associated with combustion sources such as 
cooking, smoking, burning of incense and candles. 
Other indoor sources such as stored mothballs as 
well as PAHs from outdoor sources, including 
vehicular emissions can significantly affect indoor 
air quality. Therefore, an accurate knowledge of the 
profile and concentration levels of PAHs is an 
important part of IAQ studies. Unfortunately very 
few studies addressing this issue have been 
reported in the Australian context.  
The work reported in this paper aims to assess 
the underlying features of the IAQ data collected 
from different environments in Brisbane. Since 
many variables were examined, it was necessary to 
consider the objects and variables systematically. 
Literature is replete with the application of 
multivariate data analysis techniques on IAQ data 
(Wilkins et al. 1997, Sunesson et al. 2002, Ten 
Brinke et al. 1998). However, the multi-criteria 
decision making procedures, PROMETHEE 
(Preference Ranking Organization Method for 
Enrichment Evaluation) and GAIA (Geometrical 
Analysis for Interactive Aid) have not featured 
prominently in IAQ assessment. We have therefore 
explored the application of these procedures on 
IAQ data in order to rank the objects (different 
indoor environments in this study), explore the data 
structure and investigate the relationships between 
the objects and variables (concentrations of the 
organic air pollutants in this study).  
2. Methods  
2.1. Description of the indoor environments 
investigated 
The indoor environments consisted of a selection of 
offices, laboratories, car interiors and a residential 
house. The offices were all located in a single five 
storey building in the Central Business District of 
Brisbane; two of the laboratories (L1 and L2) were 
also located within the building while the third 
laboratory (L3) was located in another building that 
is about 100 metres away. The cars included a 
cross-section of new and old cars with different 
engine capacities. One of them (Car2) had a six 
cylinder engine while two others (Car1 and Car3) 
had four cylinder engines. There were no major 
outdoor pollution sources in the immediate 
proximity of the indoor environments.  
2.2. Sampling and chemical analyses 
Samples were taken from the indoor environments 
in 2002. Each indoor environment was sampled 
under minimum ventilation condition ie with all 
doors and windows closed.  No controllable indoor 
source (e.g. cooking and smoking) operated during 
the measurements. Sampling protocols and 
analyses for the VOCs, carbonyl compounds and 
PAHs were performed by adapting guidelines from 
EPA Method TO-17 (1999), EPA Method TO-11A 
(1999) and EPA Method TO-13 A (1999) 
respectively. 
2.2.1 VOC determination 
VOCs were sampled on stainless steel thermal 
desorption tubes (Perkin-Elmer) filled with 0.3 g 
Tenax TA (mesh 60/80, Chrompack). Tubes were 
conditioned at 320 °C for 40 minutes before 
sampling. Sampling pumps (supplied by SKC Inc, 
USA) and operating with a sampling rate of 
0.121L/min were used for field sampling. The 
sampling volumes were between 3 and 4L. All 
sampling tubes were thermally desorbed on a 
thermal desorption autosampler (Perkin Elmer ATD 
400, desorption temperature 320 °C, desorption 
time 12 min, Tenax-filled cryo-trap at -30°C). The 
collected substances were separated and 
quantified by GC/MS (Hewlett-Packard 6890/5972). 
Quantification was carried out  using external 
standards of the pure target compounds or toluene 
as reference. Calibration standards were spiked 
onto the tubes in methanolic solution and analysed 
with the same method. 
2.2.2 PAH and carbonyl determination 
Sampling of air for the analysis of carbonyl 
compounds involved the collection of air onto 
LpDNPH cartridges (supplied by Supelco, USA) 
while airborne PAHs were sampled onto sorbent 
tubes containing XAD-2 (supplied by Supelco, 
USA). Extraction of the carbonyl compounds was 
achieved by adding 5 mL of acetonitrile to each 
sample, followed by filtration through a 0.45m 
Millipore disk and HPLC analysis applying the 
following the gradient program described in the US 
EPA method TO 11A, (1999). PAH analysis was 
also carried out by HPLC analysis employing a 
dedicated PAH column (LichroCART 250-4), 
UV/VIS detector operated at 220 and 254 nm, and 
isocratic elution (50% water + 50% acetonitrile). 
2.3. Multivariate data analysis 
Ranking information was obtained with the use of 
the multi-criteria decision-making methods, 
PROMETHEE and GAIA. These methods require 
the decision maker to model each variable by one 
of the six preference functions available in the 
software. It was also necessary for the decision 
maker to optimise each variable by choosing 
whether to maximise (rank top-down) or minimise 
the variable (rank bottom-up) (Ayoko et al 2004).  In 
this study, the concentration of each pollutant was 
minimised within the framework of the assumption 
that lower values of each variable would produce 
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better indoor air quality. PROMETHEE ranks the 
objects (indoor air quality in this work) according to 
the given set of variables (e.g. concentration of 
individual pollutants) and produces a complete 
outranking flow, which gives an indication of the 
extent to which an object outranks other objects. 
(Objects with more positive outranking flow values 
are ranked higher than those with lower outranking 
flow values.) PROMETHEE is a non-parametric 
method and it can be applied to a matrix consisting 
of only a few objects, as in this work. PROMETHEE 
also acts as a data pre-treatment procedure for 
GAIA, which evaluates and presents PROMETHEE 
II results as PC1 (principal component 1) versus 
PC2 (principal component 2) biplots. A full 
description of the steps involved in the application 
of PROMETHEE and GAIA is available in another 
paper that is published in the proceedings of this 
conference (Ayoko et al, 2005).  The results 
obtained for PROMETHEE and GAIA were 
interpreted according to the guidelines summarised 
by Ayoko et al. (2004) as well as Kokot and Ayoko 
(2004). 
3. Results and discusion 
3.1  Survey of the pollutants 
Eight carbonyl compounds, 15 polycyclic aromatic 
hydrocarbons and 38 volatile organic compounds 
were identified and quantified from the samples. 
Many of the 64 compounds that are usually 
included in the European Collaborative Action 
(ECA) on Indoor Air Quality (ECA 1997) method for 
the determination of Total Volatile Organic 
Compound (TVOC) in indoor environments were 
below detection limits in this study. While aromatic 
hydrocarbons abound in the samples, unsaturated 
aliphatic hydrocarbons, such as 1-octene and 1-
decene, halocarbons e.g. trichloroethene, tetra-
chloroethethene and 1,1,1-trichloroethane, cyclo-
alkanes e.g. cyclohexane, terpenes like 3-carene, 
ketones e.g. cyclohexone, methylisobutylketone 
and methylethylketone, and esters e.g. 
isopropylacetate were not detected in any of the 
samples.  Some individual compounds were found 
in less than one half of the indoor environments 
studied.  
For example, dichloromethane and chloroform 
were found in only one of the laboratories; only one 
office had nonane, - pinene, undecane, 
tetradecaene, diethylphalate; only one laboratory 
had texanolisobutyrate (TXIB); only one car each 
had pyrene; limonene was detected in only one car 
and only one office had detectable levels of 
acrolein. Such pollutants were not used as 
variables in the exploratory principal component 
analysis (PCA). However, some compounds such 
as the xylenes, hexane, toluene, propandiol, 
hexanal, styrene and ethylbenzene occurred in all 
of the indoor samples investigated. In the context of 
potential health effects, it is worrying that styrene, 
which has well-documented adverse effects on 
humans was so widespread that it was detected in 
all of the indoor environments. 
Naphthalene, 2,6-tert-butyl-4-methyl-phenol 
(BHT), salicylaldehyde, siloxane, butylacetate, 
acetone, n-butanol, benzaldehyde, and benzene 
were encountered in more than 80% of the 
environments. Table 1 shows the average level of 
pollutants in the environments investigated. 
 
Table 1: Mean concentrations of the most abundant 
compounds in the environments investigated. 
 
Compound 
Mean 
concentration 
(g/m3)  SD 
Acetone 334.1 180.4 
Hexane 77.2 56.7 
n-butanol 71.8 133.6 
Propandiol 111.3 119.0 
Toluene 159.3 99.0 
Hexanal 149.3 65.5 
Butylacetate 22.3 16.6 
Ethylbenzene 23.5 15.4 
m,p-xylene 58.4 59.9 
Styrene 15.0 9.3 
o-xylene 26.8 23.7 
Siloxane 15.7 18.7 
Naphthalene 2.0 2.8 
Phenanthrene 0.1 0.4 
Fluoranthene 0.3 0.6 
Benzene 95.7 123.9 
Heptane 71.0 104.1 
Acenapthylene 3.3 3.3 
BHT/Derivative
s 21.7 17.4 
 
Compared to the levels of benzene, toluene, 
ethylbenzene and xylenes found inside residential 
houses in Brisbane (Ayoko et al, 2004), the present 
levels are much higher, possibly because many of 
the sampled environments had just been renovated 
before the study. Nevertheless apart from acetone 
and toluene, the levels of individual VOCs were 
generally below the NHMRC target value of less 
than 250 g/m3 for any particular VOC. The only 
exceptions are office O1, with greater 250 g/m3 
levels of acetone, n-butanol, propandiol, toluene 
and hexanal and Car3 with greater than 250 g/m3 
levels of toluene and benzene. But the sum of 
VOCs in each of the samples did not exceed the 
range 1000-3000g/m3, which has been 
recommended as the threshold for official 
intervention (Seifert 1999 cited by Pluschke 1999). 
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3.2 Multi-variate data analysis 
3.2.1 Multi-criteria ranking 
To extract more information from the chemical 
analyses, the matrix was subjected to ranking 
analysis by PROMETHEE and exploratory analysis 
by GAIA. The former was used to rank the indoor 
environments on the basis of the 24 most 
commonly encountered pollutants in their air 
samples (Table 2). The objects were also ranked 
on the basis of all compounds identified, including 
those that were present in less than half of the 
objects. To minimise the skewness of the data 
(caused by missing values) a constant number was 
added to the variables and the data was log 
transformed. The net outranking flows and rank 
obtained for this analysis are included in Table 2. 
The narrow spread in the outranking flows shows 
that the quality of air in one microenvironment is not 
too different to the quality of air in other 
microenvironments. 
 
Table 2: Ranking information on the indoor environments 
Environment* Net 
outranking flow 
a 
Net 
outranking  
flow b 
C2 0.14 (1) 0.01 (3) 
O3 0.09 (2) 0.03 (2) 
L2 0.07 (3) -0.01 (10) 
H1 0.07 (4) -0.00 (6) 
L1 0.05 (5) 0.00 (4) 
L3 0.04 (6) 0.00 (5) 
O2 0.03 (7) -0.00 (8) 
O1B 0.02 (8) 0.00 (7) 
O4 -0.03 (9) -0.01 (9) 
C1 -0.04 (10) 0.03 (1) 
O1 -0.10 (11) -0.02 (11) 
C3 -0.34 (12) -0.03 (12) 
 
a only compounds detected in more than half of 
the environments were used; ball compounds 
detected were used.; *(C =Car; H = house; O = office; 
L= laboratory; the more positive the value of the net 
outranking flow of an object, the higher the degree of 
preference of the object while the large the difference 
between the outranking flow values of two objects, the 
wider the degree of preference of one object over the 
other.) 
Apart from objects L2 and C1, the rank order 
obtained from both of the PROMETHEE analyses 
is broadly similar. Thus the rank orders of O3, O4, 
O1 and C3 remained the same in both analyses 
while H1, L1, L3, O2 and O1B are placed in 
positions 4-8 in both analyses. It is noteworthy that 
O1 and C3 (the oldest of the cars) had the worst 
IAQ in both analyses. Such ranking information can 
be used to prioritise remedial action. 
3.2.2 Exploratory PCA 
Exploratory PCA was carried out on sub-matrices 
consisting of measurement results for the (i) 
carbonyl compounds, (ii) volatile organic 
compounds   and (iii) the polycyclic aromatic 
hydrocarbons. 
 
Analysis of the data sub-matrix for the carbonyl 
compounds: 
PC1 and PC2 accounted for about 78 % of the total 
variance and three clusters of objects were 
discernable (Figure 1). Although eight carbonyl 
compounds were detected in the samples, only four 
of these occurred in all of the samples. Therefore, 
only these carbonyl compounds were used in the 
multivariate analysis. Cluster X consisted of the 
offices (and the residential house), cluster Y the 
laboratories and cluster Z the cars. Since the 
variables were minimised, the cars were associated 
with relatively higher acetaldehyde concentrations 
(V2), the offices were correlated with relatively high 
formaldehyde (V1) values and the laboratories and 
office O4 with high acetone (V3) values as shown 
in Figure 1. 
 
Figure 1: GAIA biplot for samples based on the 
four most abundant carbonyl compounds 
(formaldehyde acetaldehyde, acetone and 
hexanal, which are represented by vectors V1, V2, 
V3 and V8 respectively).  
 
Analysis of the data sub-matrix for the VOCs: 
PC1 and PC2 explained 74.5% of the variance for 
this sub-matrix. In addition, it was observed that 
many of the vectors for the VOCs overlap. This 
suggests that the vectors carry similar information 
about the objects and may have similar indoor 
origins in the objects. Thus the vectors for heptane, 
BHT, n-butylacetate, and n-butane overlapped but 
the vector for siloxane did not, possibly because it 
has a unique source in each of the samples. The 
X 
Y 
Z 
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vectors for benzene, toluene, ethylbenzene, xylene, 
styrene, hexane and propandiol also overlapped. 
Two of the cars with four cylinder engines (Car3 
and Car1) had negative PC1 scores and two of the 
offices (O4 and O1B) had positive PC1 scores but 
the rest of the objects cannot be discriminated on 
PC1 on the basis of their VOC levels. Nevertheless 
it was apparent from the GAIA biplot (not shown) 
that VOCs like benzene, toluene, ethyl benzene 
and xylene are associated with the cars while BHT 
and n-butylacetate are associated with the offices. 
These observations seem plausible given the well-
established facts that vehicle emissions are known 
sources of aromatic hydrocarbons while many 
building and furnishing materials are sources of 
esters (Salthammer 1999, Pluschke 2004). 
Analysis of the data sub-matrix for the PAHs: 
Examination of the objects based on the PAH 
levels yielded the biplot shown in Figure 2. The 
worst preforming objects were Car1, Car3 and 
Lab1, which are located opposite the direction of 
the decision axis, pi, while the best performing 
objects are the offices, possibly because there are 
no major PAH sources in the offices. Apart from 
anthracene (V19) and fluoranthene (V20), the 
vectors for most of the other PAHs overlapped. 
This suggests that they have common sources in 
the interiors of the cars. 
 
 
 
Figure 2: GAIA biplot for the samples based on 
the PAH levels; about 88% of the data variance 
was explained by PC1 and PC2. 
 
Analysis of the entire data matrix based on the 
most prominent 24 carbonyl compounds, PAHs, 
and VOCs produced a biplot in which the many of 
the vectors overlapped.  Since several variables 
showed close correlation, a simpler GAIA biplot 
(Figure 3) was obtained by replacing groups of 
overlapping variables with one representative 
variable. 
 
Figure 3. GAIA scores plot based of selected 
carbonyl compounds, PAHs and VOCs (71% of 
the data variance was accounted for by PC1 and 
PC2). 
 
Thus the analysis was repeated with fluoroanthene 
(V20), acetone (V3), siloxane (V14), hexane (V4) 
and benzene (V21). As seen in the figure, the cars 
have negative PC1 scores while apart from L1 
(Laboratory 1) most of the other objects have 
positive PC1 scores. Bearing in mind that the 
variables were minimised in this investigation, it is 
evident from the biplot that relatively higher 
benzene (V21) and fluororanthene (V20) 
concentrations are associated with the cars while 
relatively higher acetone (V3) concentrations are 
associated with the offices and laboratories 2 and 
3. Such observations are in agreement with 
literature sources of indoor pollutants (Salthammer 
1999, Pluschke 2004). 
4. Conclusions 
Characterisation of indoor air organic pollutants 
from a variety of indoor environments has revealed 
the prevalence of a wide range of carbonyl 
compounds, PAHs and VOCs. Many of the VOCs 
listed in the minimum number of compounds that 
must be included in TVOC assessment (ECA 
1997a, ECA1997b) were not encountered at all or 
were infrequently present in most of the indoor 
environments studied.  Although this is gratifying on 
the one hand, it is disturbing on the other that the 
levels of indoor VOCs in these samples were 
generally higher than those reported earlier for 
residential houses in Brisbane. Therefore, there is 
an urgent need to expand the scope of the study in 
order to assess whether the observed trend is 
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widespread or are largely attributable to recent 
renovations in some of the rooms examined, the 
use of solvents in the chemical laboratories or 
emissions from the vehicles. Finally, information 
obtained from the multi-variate data analysis could 
assist the planning of pollution source control 
strategies but such information must be used with 
caution because of the small number of indoor 
environments involved in this study.  
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